L i n n é s t r . 2 , 0 -7 0 1 0 L e i p z i g , G e r m a n y (Received January 21' 1993) X-ray photoelectron spectroscopy/X-ray excited Auger electron spectroscopy investigations of solid sulfur compounds are reported. Deep S s core level binding energies were measured in addition to the common S 2p level and the KLL Auger spectra to derive the Auger parameters. Local and solid state effects on the binding energies were identified using both core levels within an initial state-final state framework. The results are discussed in comparison to recent data on phosphorus compounds. The information from the deep core level is emphasized.
(793) of a second core level binding energy (BE). In the case of a 3rd period element we obtain [2, 3] :
The static relaxation energy RS is related to the twohole final state of Auger emission and is assumed to be twice the dynamical relaxation energy RD relevant for the photoemission process. These relaxation energies reflect the efficiency of core hole screening and are sensitive to both the local chemical bonding of the photoemitting atom in the solid and the polarizability of the solid state environment. Furthermore, changes of the electrostatic potential at the studied atom as a ground state effect can be investigated [2] [3] [4] [5] .
Many applications of the Auger parameter approaches limít themselves to measurements of an Auger and one binding energy due to unaccessibility of deep core line BEs or other reasons. This approximation neglects the differences of chemical shifts of different core level binding energies. It is the aim of this paper to present preliminary results on core level and Auger energy shifts obtained on solid sulfur compounds which emphasize the additional information from taking into account the S 1s core level as has been done earlier for Si 1s [2, 4] and P 1s [3] [4] [5] .
In Secs. 2 and 3 the experimental details and results are presented and compared to the literature data. Section 4 is devoted to the chemical state information available from the initial state contributions to the BEs. The relaxation energy will be considered in Sec. 5. Finally, the additional information available from measurement of the deep 1s core level BE is emphasized.
Experimental
The measurements were performed with a VG ESCA 3 photoelectron spectrometer working with a hemispherical analyzer (CHA) at constant pass energies of 20 or 50 eV. The spectrometer had been equipped with a specially prepared Al/Pd mixed anode. Thus, the excitation of S 2p and S 2s (Al Kα : hv = 1486.6 eV), S 1s core levels (Pd Lα1 : 2838.6 eV [6] ), and S KLL Auger spectra (Pd Lα and bremsstrahlung) was possible. The X-ray tube was operated at 12 kV and 20 mA. The energy scale was routinely calibrated to reproduce the BEs of Cu 2p 3/ 2 (932.65 eV) and Au 417/2 (84.00 eV) as suggested in [7] . To ensure an appropriate alignment at higher energies near the S KLL the position of the Au M4N7N7 Auger peak at 2101.2 eV [8] was checked, too. A further confirmation for linearity and proper alignment of the energy scale is the agreement of the differences of Na 1s kinetic energies to the differences of the respective excitation energies. All these energy differences were reproduced within 0.1 eV.
We measured the spectra of three single crystalline and six powdered samples. ZnS single crystal was prepared by weak sputtering and the FeS2 single crystal by rinsing in methanol to remove major surface contaminations.
The crystal structure of the powdered samples were checked by X-ray diffraction. They were inserted into the UHV on a double-sided adhesive tape. Residual carbon contaminations were used to remove shifts due to sample charging by aligning to EBIC 1s) = 285.0 eV. The spectra were recorded at pressure of 10 -7-10 -6 Pa. The accumulated spectra were analyzed using a least-squares peak fitting routine, resulting in an accuracy of 0.2 eV for the present data.
Core level and Auger spectra
Electron spectra covering the regions of the sulfur core levels and KL2,3L2,3 spectra excited by combined Al Kα , Pd Lα ,, and bremsstrahlung irradiation are shown for CaSO4 in Fig. 1a, b . Despite the low signal to background ratio for S 1s core level the statistics of the spectra are sufficient to obtain energies from these spectra, as is demonstrated by the single line spectra in Fig. 2a . The weak feature near the S 1s main line is due to Pd Lα" X-ray excitation. The energy difference to the main line of 5.3 eV and the relative intensity of 9:1 is in good accordance with data reported in [9] .
The S 2p core line is displayed in Fig. 2b . The splitting of this core level into 4,3/2 and 2p1 / 2 components is evident as a weak shoulder only, due to the limited resolution of the unmonochromatized Al excitation. Although this splitting can be resolved by the peak fitting routine, we will report energies relevant for the unresolved peak in the following.
The binding energies of the S 2p and S 1s core levels are given in Table I . Comparison with literature data [10, 12] gives rather good agreement considering the difference of the C 1s reference energy of 283.7 eV used by Yu et al. [10] and the value of 285.0 eV in this work. There are only a few S 1s binding energies known from previous work, and these energies are in reasonable agreement to our data. On the other hand, significantly higher KL2,3L2,3 Auger energies (Re. 4 eV) have been reported by Yu et al. [10] . Even after correction for the different reference energies there remains a gap of 2-3 eV in the experimental data of Yu and in this work as shown in Table II . As described above, we took care in calibrating the energy scale of our instument to avoid nonlinearities. Unfortunately, there is a lack of information on that subject in the paper of Yu et al. [10] . Thus, the origin of that rather significant kinetic energy difference is not clear until now. The binding energy shifts of different core levels are strongly correlated as is demonstrated in Fig. 3 
Potential effects
The potential of the ground state charge distribution affects the core level BEs rather directly. From our set of experimental data we can derive two different measures of this initial state shift contribution. The BE shift difference corresponds to the Kα shifts in X-ray emission, which reflects changes of the effective charges of the emitting atoms in different solid state environments. The initial state contribution ΔV to the core level BE shift mirrors the total effect of both the effective charge and of the environmental charge distribution. It can also be derived from experimental data [2, 5] . The comparison of the two experimental quantities ΔΔ EB and ΔV thus enables us to separate local and environmental potential effects. Some problems concerning the accuracy of that approach have been discussed for phosphorus compounds, recently [5] .
In Fig. 4 we observe a correlation of ΔV and AΔEB (see also Table II ). Both quantities increase for higher oxidation state of the sulfur atom. This main trend is a well-known feature of chemical shifts in both X-ray emission and photoelectron spectroscopy. Thus, we will not discuss it in detail here.
However, there is a significant increase in ΔΔEB for all the crystal water containing compounds with respect to the water-free references, indicating additional charge transfer from the sulfur due to the H 2 O molecules in the lattice.
On the other hand, smaller ΔΔ EB for Na2S2O3 than for Na 2 SO4 provides direct evidence for reduced charge transfer from the sulfur(+6) atom in the center of the sulfate unit towards the neighbor atoms, as expected from simple electronegativity arguments. The rather high ΔV measured for the S(+6) atom in thiosulfate may be explained by a reduced environmental potential due to the S-S bond length (2 Å). The increase in this nearest neighbor distance compared to the S-O bond lengths in sulfates (1.4 Å) is accompanied by such a reduction, which can be easily seen from a Madelung approach of the environmental potential.
Relaxation energy
In Table II the Auger parameters α' and the, corresponding shifts Δα' and ΔRS are compared. A chemical state plot is shown in Fig. 5. As usual, core level binding energies (S 2p) and KLL( 1D2 ) Auger energies are compared, directly. Wagner's Auger parameter α' is indicated by diagonal lines. We have enclosed further data from Nishikida and Ikeda [12] . There is an evident separation in Fig. 5 between more covalently bonded sulfur compounds at the lower photoelectron BEs and higher Auger energies and polar-covalent compounds on the other side. However, rather similar Auger parameters α' are observed for sulfides like ZnS and sulfates like e.g. CaSO4 despite their different formal oxidation states.
Relaxation energies ΔRS as derived from our data are compared to ΔΔ EB in Fig. 6 . There is no clear trend characterizing all the data. However, looking at the compounds with fourfold coordinated sulfur only, the relaxation energy decreases systematically with increasing ΔΔEB and thus effective charge on the photoemitting atom. This trend may be related to the reduced valence charge contribution to the core hole screening which is well known from calculations for free ions [13] . The relaxation energy is largest for FeS 2 among the compounds investigated.
The screening of the core hole as reflected by the relaxation energy is compared to the refractive index n of the respective solids in Fig. 7 . This macroscopic quantity was arranged to be proportional to the polarization charge (1 -1/ε)e. In this manner it reflects the change in polarization energies for these sulfur compounds. We additionally incorporated experimental relaxation energies as estimated from Nishikida et al. [12] and Yu et al. [10] . In case of the latter authors the relaxation energies have been calculated according to Eq. (2) using the approximation ΔEB(1s) = 1.20ΔEB(2p). The different data sets have been aligned at the data point for ZnS.
There is a clear correlation of the experimental relaxation energies to the refractive index which is indicated by the solid line in the figure (to guide the eye). In this manner, the importance of the polarizability of the whole sample for photohole screening is emphasized. This tendency has been observed for solid phosphous compounds, recently [5] and even in previous work on other systems. However, the remaining scatter in the present data for sulfur compounds is of considerable size. The dielectric screening of the photoholes by the solid state environment may not be sufficient to explain the experimental differences in the Auger parameters in a simple way.
Concluding remarks
There are several features worth noting with respect to the use of the binding energy of a deep core level in applications of the Auger parameter concept. First, a much more realistic quantitive approach of relaxation energies may be obtained by using Eq. (2) compared to more common use of Wagner's Auger parameter α' (Eq. (1)) only. The binding energy of the deep core level reflects the bonding situation similar to that of more shallow levels like S 2p. However, the binding energy shift difference ΔΔEB of different core levels provides an experimental measure of the local effective charge in the ground state. Although being equivalent in energy to the well-known Kα shifts in X-ray emission spectroscopy, ΔΔEB from XPS is much more surface sensitive than the bulk sensitive Kα shifts.
Furthermore, contributions of the solid state environment to the initial state or potential contribution may be separated from local charge effects by comparing ΔΔEB with ΔV, at least qualitatively. Both quantities are available from application of the Auger parameter concept.
Thus, the impact from the knowledge of deep core level energy shifts ΔEB(1s) to the Auger parameter concept is considerable. This has been shown here for some solid sulfur compounds, and it had been demonstrated in more detail for phospho us compounds, elsewhere [4, 5] . It may justify the additional efforts to measure such lines in special cases.
